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(54) Title: METHOD FOR COMBUSTION SYNTHESIS OF FULLERENES 

(57) Abstract: A mod of combustion and a multi-component reactor to accomplish this mode of combustion are disclosed which 
^ produces fuUerenes and fullerenic material by combustion. This mode consists of de-coupling an oxidation region of a flame from 

a post-flame region, thus giving greater control over operating parameters, such as equivalence ratio, temperature, and pressure 

; allows conditions of the operating parameters of the combustion reaction to be attained which would not be easily attained by 
2 conventional methods ; and offers the ability to more easily stabilize the combustion reactions to allow for higher throughputs of fuel 

and oxidant. Several embodiments of a primary zone of a multi -component reactor are also disclosed. Said primary zone serves as 
^2 the oxidation region, operates on the principle of providing recycle to the reacting combustion mixture, and which may be operated 

as approximately a well-mixed reactor. A secondary zone is also disclosed which provides further residence time for reaction and 
Q the ability to control operating parameters, operates on the principle of minimizing recycle of the reacting combustion mixture. 
^ The secondary zone may be operated as approximately a plug-flow reactor. The primary and secondary zones may be operated in 

conjunction or either one alone. 
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METHOD FOR COMBUSTION SYNTHESIS OF FULLERENES 



RELATED APPUCATION 

5 

The present application claims the benefit of U. S. Provisional Application No. 
60/316,550 filed August 3 1, 2001, which is incorporated herein by reference in its 
entitrety. 

10 BACKGROUND OF THE INVENTION 

The combustion synthesis of fiillerenes was described in Nature, 352, 139 - 141, 1991 
and U.S. Patent No. 5,273,729, both of which are incorporated herein by reference. Data 
were presented for fiiUerene yields fi-om subatmospheric pressure premixed laminar 

1 5 benzene-oxygen flames operated under different conditions of pressure, feed velocity 
(and hence temperature, which depends on feed velocity), diluent identity and partial 
pressure, carbon/oxygen ratio, and distance or residence time firom the burner. Different 
versions of the same basic method can be envisioned depending on bmner design and 
other process features for which many variations are possible. In general the method 

20 involves the operation of a sooting flame at pressures less than atmospheric and other 
conditions such as carbon/oxygen ratio, feed velocity, and concentration of inert diluent 
gas chosen so as to be suitable for fiiUerenes production. Condensible material containing 
fiillerenes is collected firom within the flame or from the effluent gas. Subsequent to the 
original work on combustion synthesis of fiillerenes, which involves the use of premixed 

25 flames, the use of non-premixed or diffusion flames has also been foxmd effective. 

Methods for combustion synthesis of fiillerenes known in the art use burner stabilized 
flames suitable for laboratory scale studies. The conventional combustion method for 
fiiUerene synthesis is typically carried out using low-pressure laminar premixed flame 
30 bmners in which the flame is stabilized on a water-cooled burner plate. The fiiel and 
oxidant are usually premixed upstream of the burner and fed through openings in tiie 
drilled or sintered metal plate. In some cases the fiiel and oxidant are fed separately 
through alternating fiiel/oxidant openings m the burner plate and mix together 
immediately downstream of the exit of the plate, either prior to entering the flame and 
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hence giving a pxemixed flame or partially before and partly after entering the flame and 
hence giving a partially premixed and partially non-premixed or diffusion flame. In all 
these cases the flames are stabilized a short distance off the surface of the burner plate, 
and heat loss to the water-cooled bumer lowers the temperature of the flame such that the 

S flame speed, delBned as the velocity of propagation of the flame into the unbumed fuel- 
oxidant mixture, just matches the inconaing velocity of die mixture being fed to the flame. 
The stabilization of the flame at the particular short distance from the bumer v^^ere the 
heat loss into the bumer is just the right amount to lower the temperature tiie correct 
amount to allow the flame speed to match the incoming velocity places considerable 

1 0 constraints on the feed velocity and other conditions required to achieve and maintain the 
stable flame and thereby severely limits the degrees of freedom available for configuring 
and optimizing the flame for particular desired performances in flillerenes synthesis. Also 
the rate at which the fuel/oxidant mixture can be fed to the burner, and hence the 
throughput of the system, is severely limited by the flame speed of the mixture. A 

1 5 different design that decouples flame stabilization from product formation, thereby giving 
more flexibility for operating and optimizing the process, while also allowing larger 
throughputs is highly deshable. 

Low-pressure non-premixed or diffusion flames have also been used to form friUerenes. 

20 In tiiese flames the fuel and oxidant are fed separately througih different ducts or passage 
ways in the bumer, and they dmx together in a flame zone stabilized between the two 
streams. Both laminar and turbulent versions of these flames have been used to form 
ftillerenes. Although fiillerenes can be foimd within the flame zone, they tend to be 
destroyed by oxidation in flames where the fullerenes exit through the oxygen side of the 

25 flame zone. In flames where the fullerenes exit through the fuel side of the flame zone, 
they are formed in the presence of, and react with, large concentrations of soot and 
polycycUc aromatic hydrocarbons* Thus neither of the nonpremixed or diffusion flame 
types have proven interesting for practical flillerenes production. 

30 There are many improvements possible to these types of flames for the efficient and 
economical production of commercial quantities of fullerenes. Notably, conventional 
fiillerene forming flames have Umited flow rates, the maximum flow rate being 
determined by the flame speed for the given fuel/oxidant system and temperature, with 
temperature being determined by heat losses from the flame. Control of reaction 
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variables, particularly temperature, is limited, since setting flow rate and heat loss 
deteraiines the temperature and also the radical flame intermediate concentrations and the 
time at which the fuel spends in the oxidation region. The oxidation region is important in 
determining the concentrations of key intermediates. The temperature and residence time 

5 necessary for oxidation reactions are not necessarily the conditions which are optimal for 
fiiUerene f omiation, and it would be desirable to have a degree of control over the 
conditions of reaction so as to fiivor fullerene fonnation, without being too constrained by 
the necessities of flame stabilization. A reactor that achieves higjier throughputs would 
also be preferable to current methods, due to future higher volume requirements of 

1 0 fullerenic product. 

By "fullerenic product", as used herein, it is meant material consisting of or including one 
or more of the following three types of material, structures or particles: (1) fullerene 
molecules such as C60, C70, C84, etc., fullerene molecules containing another atom or 

1 5 atoms mside or outside the fullerene cage or one or more functional groups; (2) fullerenic 
nanostructure or closed cage structures made up of five-member and six-member, and in 
some cases seven-member, carbon rings having at least one dimension on the order of 
nanometers, such as but not limited to single or multilayered nanotubes and nanoparticles 
as defined in US Patent No. 5,985,232, columns 3 and 4, and (3) fiiUerenic soot consisting 

20 of spheroids or spherules of carbon made up of curved carbon sheets or layers which have 
substantial fullerenic character. The spherules have dimensions similar to conventional 
carbon black and thermal black, that is, in the range of 5 nm to 1000 nm. Fullerenic 
character is noted by the presence among six-member and sometimes seven-member 
rings of five-member carbon rings which result in curved sheets of carbon. 

25 

Another important requirement for the commercial manufacture of fuUerenes is an 
increase in the yield of fullerenic product for a given quantity of carbon fed as fuel. 
Cuirently, the highest reported yields are -0.5% of total carbon fed. A combustion reactor 
allowing a greater degree of control over the combustion reactions and better maintenance 
30 of conditions that favor or promote larger fullerene yields would be preferable to 
conventional systems. 

Jet-stirred reactors which approximate a well-mixed combustion reactor have been used 
extensively in experimental combustion work, beginning with Longwell (Ind. Eng. 
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Chem., 47, 1634, 1955)), but fiillerenes have never been synthesized in a weU-mixed 
combustion reactor. Nenniger (Proceedings of the Combustion Institute 20:473-479, 
1984) and Dagaut, et al (J. Phys. K:Sci, lustrum. 19, 207-209, 1986) are recent designs. 
Current jet-stiired reactors used in combustion are designed for atmpospheric pressure 

5 conditions with turbulent gas flows from the jets and turbulent flow conditions within the 
reactor. Turbulence greatly increases the rate of diQusion and thus enhances micro- 
mixing. Turbulence enhanced ndcro-mixing is the primary method relied upon to create a 
well-stirred condition in existing jet-stirred reactors. Practically significant amounts of 
combustion generated fullerenes have only been found in low-pressure conditions (10 - 

10 1 00 torr), for which the previous jet-stirred reactor designs would be inadequate in the 
amount of mixing and recycle accomplished because of the much lower densities and 
hence lower Reynold's numbers at the low pressures of fuUerene formation, and 
turbulence is not adequate as the primary method of back-mixing or recycle. A jet-stirred 
reactor that can accomplish adequate recycle or back-mixing at low pressures, without 

1 5 relying primarily on turbulence enhanced micro-mixing is needed. 

Lam (Proceedings of the Combustion Institute 22:323-332, 1988) describes a jet-stirred 
reactor/plug-flow reactor system. This system was used as a laboratory tool for 
atmospheric pressure studies of polycyclic aromatic hydrocarbon and soot formation 

20 usmg primarily ethylene as the fuel. Total residence times in this system were of the order 
5 ms in the jet-stirred reactor and 15 ms in the plug-flow section. Due to the higjbi flow 
rates and low residence times, flow in the plug-flow section was turbulent, and due to the 
low residence times, external heating was not required to assume that temperature was 
isothermal in the plug-flow section. Such a coupled well-mixed/plug-flow reactor system 

25 has not been used at low pressures nor at residence times greater than 20 ms, and 
fullerenes have never heretofore been synthesized using a well-stirred/plug-flow reactor 
configuration. 

SUMMARY OF THE INVENTION 

30 

The present invention relates to a mode of combustion and a multi-component reactor to 
cairy out this mode of combustion that overcomes the limitations of conventional 
methods. The method of the present invention allows large-scale production of fullerenes 
and may produce fullerenes in higher yield than conventional methods. 
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An aspect of the present invention is the use of a reaction chamber termed the primary 
zone to carry out the mitial phase or the entire process of the combustion synthesis of 
fuUerenic product. In the primary zone a recycle or back-mixing is accomplished by 
S mixing and reaction of later residence time combustion products C&st combustion 
products") with fuel and/or oxidant, and/or earlier residence time combustion products 
C*newly formed combustion products") and/or unreacted residue. 

The primary zone may be operated in conjunction with a secondary zone. In the 
1 0 secondary zone, combustion products of later residence time do not mix or react with 
combustion products of earlier residence time. 

It is an object of the present invention to provide a method of producing fullerenes by 
combustion, including introducing carbon-containing fuel and oxidant at an introduction 

15 location into a primary zone so tiiat the fuel and the oxidant react to produce first 

combustion products, the first combustion products and unreacted residue being mixed 
and reacted with incoming carbon-containing fuel and oxidant and/or any newly formed 
combustion products and/or unreacted residue, thereby forming a combustion mixture; 
and introducing the combustion mixture into a secondary zone for collection or further 

20 processing. 

It is another object of the present invention to provide a method of producing fullerenes 
by combustion, including introducing carbon-containiag fuel and oxidant at an 
introduction location into a primary zone so that the fuel and the oxidant react to produce 

25 first combustion products, the first combustion products and unreacted residue being 
mixed, and reacted with incoming carbon-containing fuel and oxidant and/or any newly 
formed combustion products and/or umeacted residue, th^eby forming a combustion 
mixture; introducing the combustion mixture mto a secondary zone; and allowing 
constituents of the combustion mixture m the secondary zone to undergo reactions for a 

30 residence time to produce a stream including second combustion products comprising 
fullerenes and other material, wherein the stream flows through the secondary zone such 
that mixing and reaction are mmimized between material firom different regions 
corresponding to different residence times in the secondary zone, under conditions to 
promote and/or favor fullerene production. Fuel and/or oxidant and/or additives may be 



5 



wo 03/021018 



PCT/US02/27838 



injected at a location in the secondary zone to promote and/or favor fuUerenic product 
foimation. 

It is yet another object of the present invention to provide a method of producing 
5 fullerenes by combustion including introducing carbon-containing fuel and oxidant at an 
introduction location into a primary zone so that the fuel and the oxidant react to produce 
first combustion products, thereby forming a combustion mixture; introducing the 
combustion mixture into a secondary zone; and allowing constituents of the combustion 
mixture in the secondary zone to undergo reactions for a residence time to produce a 

10 stream including second combustion products comprising fullerenes and other material, 
wherein the stream flows through the secondary zone such that mixing and reaction are 
minimized between material from different regions corresponding to different residence 
times in the secondary zone, under conditions to promote fuUerene production. Fuel 
and/or oxidant and/or additives may be injected at a location in the secondary zone to 

1 5 promote and/or favor fullerenic product formation. 

It is a further object of the present invention to provide a combustor including a chamber 
having a first injection inlet for injecting a first feed into the chamber and a second 
injection inlet for injecting a second feed into the chamber, the first injection inlet being 
20 positioned so that the first feed is directed so as to partially overlap the second feed so 
that earlier residence time material of the second feed mixes and reacts with later 
residence tune material of the first feed. 

It is another object of the present invention to provide a combustor including a chamber 
25 having a first injection inlet for injecting a first feed into the chamber and a second 

injection inlet for injecting a second feed into the chamber, the first injection inlet being 
positioned witii respect to the second injection inlet so that the first feed supplies early 
residence time material to be entrained into later residence time material of the second 
feed, later residence time material to be entrained into early residence time material of 
30 second feed, and intermediate residence time material to be entrained into intermediate 
residence time material of second feed. The first injection inlet may be further positioned 
so that the amount of entrainment of the second feed is enhanced by the flow of the first 
feed. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows a primary zone reactor where the mixing and reaction of first combustion 
products (£rom B) with entering fuel and/or oxidant, and/or newly formed combustion 
5 products, and/or unreacted residue (at A) is accomplished by a physical recycle loop. 

Figure 2 shows a primary zone reactor where the mixing and reaction of first combustion 
products with entering fiiel and/or oxidant, and/or newly fomied combustion products, 
and/or unreacted residue is accomplished primarily by jet entrainment Primary zone first 
1 0 combustion products firom C mix and react with entering fiiel and/or oxidant at A and 
with newly formed combustion products and unreacted residue at B, 

Figure 3 shows a primary zone reactor where the mixing and reaction of first combustion 
products with entering fuel and/or oxidant, and/or newly fomied combustion products, 
1 5 and/or unreacted residue is accomplished primarily by large scale recycle pattems. 

Primary zone first combustion products fi:om B mixes and reacts with entering fiiel and/or 
oxidant, and/or newly formed combustion products, and/or unreacted residue components 
at A. 

20 Figure 4 shows a primary zone reactor where the mixing and reaction of first combustion 
products with entering fiiel and/or oxidant, and/or newly formed combustion products, 
and/or unreacted residue is accomplished primarily by intersecting jet flows. Primary 
zone first combustion products firora B mixes and reacts with entering fiiel and/or oxidant, 
and/or newly formed combustion products, and/or unreacted residue components at A. 

25 

Figure 5 shows a primary zone reactor where the mixing and reaction of first combustion 
products with entering fiiel and/or oxidant, and/or newly formed combustion products, 
and/or unreacted residue is accomplished by jet entrainment, large scale recycle patterns, 
and intersecting jet flows. Primary zone first combustion products firom B mixes and 
3 0 reacts with entering components! at A. 

Figure 6 shows a primary zone reactor where the mixing and reaction of first combustion 
products with entering fiiel and/or oxidant, and/or newly formed combustion products, 
and/or unreacted residue is accomplished primarily by intersecting non-jet flows. Primary 
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zone first combustion products firom B mixes and reacts with entering fuel and/or oxidant, 
and/or newly formed combustion products, and/or unreacted residue components at A. 

Figure 7 shows a primary zone reactor ^ere the nodxing and reaction of first combustion 
5 products with entering fiiel and/or oxidant, and/or newly formed combustion products, 
and/or unreacted residue is accomplished primarily by intersecting jet flows, with 
sufficient efficiency so that the circled regions are areas where one or more state variables 
are approximately constant, and are at least 10%, preferably at least 60%, most preferably 
at least 80% of the total primary zone volume. Primary zone first combustion products 
1 0 firom B mixes and reacts with entering fiiel and/or oxidant, and/or newly formed 
combustion products, and/or unreacted residue components at A. 

Figure 8 shows a primary zone reactor in conjunction with a secondary zone reactor. In 
the primary zone reactor, the mixing and reaction of first combustion products with 
15 entering fuel and/or oxidant, and/or newly formed combustion products, and/or unreacted 
residue is accomplished by jet entrainment, large scale recycle patterns, and intersecting 
jet flows. Primary zone first combustion products firom B mixes, and reacts with entering 
components at A. Effluent firom the primary zone enters the secondary zone where 
combustion products firom D do not mix or react with entering components at C. 

20 

Figure 9 is a graph showing the mole firaction of mdical intermediates versus the 
residence time according to a conv^tional method and a method of the present invention. 

Figure 10 is graph showing the mole fi-action of fiillerene intermediates versus the 
25 residence time according to a conventional method and a method of the present invention. 

Figure 1 1 is graph showing the mole firaction of Ceo fuUerene versus the residence time 
according to a conventional method and a method of the present invention. 

30 Figure 12 is graph showing the mole firaction of Cso fullerene versus the residence time 
according to a conventional method and a method described in Example 2. 

Figure 13 shows a primary zone reactor tbat has two sets of injection tubes at two axial 
positions, A-A/A'-A* and B-B/B*-B'. The tubes in section A-A/A'-A' each make an 
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angle of about 30 degrees with a radius of the cylinder and an angle of about 45 degrees 
with the longitudinal axis of the cylinder. The feed emerging from the tubes in section A- 
A/A*-A' is opposed and offiet to the feed emerging from the tubes in section B-B/B'-B\ 

5 DETAILED DESCRffTION OF THE INVENTION 

Some terms used in the description of the invention are defined as follows: 

"First combustion products" as xised herein means intermediates of oxidation such as CO, 
10 CO2, H2O, O, OH, and other light stable and radical gas species, such as CH4, C2H2, 
C2H4, C3H4, C4H2, C4H4, C5H6, CHO, CH3, C2H, HCCO, C3H3, C3H2, CH2CO, C4H3, 
C5H5 as well as other small hydrocarbon and oxygen-containing radicals and stable 
molecules; stable and radical polyacetylenes or polyynes (CnH2, n = 5, 6, , . .) and 
aromatic species such as CeHs, CeHe, C6H5O, CeHsOH, C6H5CH2 and C6H5CH3, and 
IS polycyclics such as indene, naphthalene, phenanthrene, fluorantfaene, and larger such 
species as well as radicals of these and related species, and soot and soot precursors; first 
combustion products are the products of combustion of either a frillerene-fotming or non- 
fiillerene-forming fiiel. 

20 "Unreacted residue" as used herein refers to unreacted fixel, unreacted first or early 
combustion products and hydrocarbon or partially oxygenated hydrocarbon products 
produced from the fiiel or from first or early combustion products. Unreacted residues 
may include molecular weights ranging from those of the fixel and the first and early 
combustion products to higher molecular weight aliphatic, aromatic, polyaromatic, and 

25 oxygenated molecular and particulate material. 

""Newly formed combustion products" can be any or all of the compounds mentioned 
above in the definition of first combustion products, but in the concentrations and 
proportions corresponding to an earlier residence time of combustion than the first 
30 combustion products. 

"Oxidant" as it is used here refers to the oxidizing agent fed to the combustor* Once in the 
combustor the oxidant can be assumed either to participate directly, i.e., as a reactant, in 
oxidation reactions or it may be converted to other oxidizing species which in turn 
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participate as reactants in oxidation reactions. The most preferred oxidant in fuUerenes 
synthesis by combustion is molecular oxygen or O2, which may be fed as pure O2, as air, 
as O2 mixed with one or more inert gases, as 02-enriched air, as air partially depleted of 
its original nitrogen, or in other mixtures. The O2 may serve as the oxidizing reactant in 
5 the combustor or it may be converted to some Mtent to OH, O, HO2, H2O, CO2, or other 
oxygen-containing species which in tum serve as reactants in oxidation reactions. Other 
oxidants of some interest under certain conditions as feeds for a fidlerenes synthesis 
combustor are hydrogen peroxide (H2O2), ozone (O2), and mixtures of these with an inert 
gas and/or one or more of the species OH, O, HO2, H2O, CO2, or other oxygen-containing 
1 0 radicals or stable molecules. 

"Fullerene-forraing fuel" is defined as fuel which produces combined yields of fiillerenes 
C60 and C70 of at least 0.00001% of the fuel carbon under combustion conditions known 
from the literature to be suitable for fuUerenes fomiation in flames. FuUeiene-forming 
fuels include aromatic and other highly unsaturated hydrocarbons such as, but not limited 
to, the following: benzene, toluene, xylenes, naphthalene, biphenyl, phenanthrene, 
anthracene, pyrene and other smgle-ring aromatics and polycyclic aromatics; compounds 
with five-membered rings either alone, as in cyclopentadiene, or in combination with six- 
membered rings as in indene, acenaphfhyene, fluorene, fluoranthene, 
cyclopent^henanthrene, etc.; compounds containing four-membered rings such as 
biphenylene; oxygen containing aromatics, acetylene and polyacetylenes or polyynes 

(CnH2, n = 2, 3, 4, ); any of the foregoing fuels with functional groups or additional 

functional groups such as methyl, vinyl, ethynyl, propargyl, phenyl, naphthyl, etc.; heavy 
petroleum, kerogen, bitumen, coal and other fossil fuels with considerable aromatics 
content; light oils, intermediate oils, heavy oils or tars, chars, cokes, carbon blacks, and 
soots derived from fossil fuels and biomass fuels; and products including stable species 
and radicals of hydrocarbons pyrolysis and partial or incomplete combustion. 

**Non-fidlerene-forraing fuel" is defined as fuel vAdch produces combined yields of 
30 fuUerenes C60 and C70 less than 0.00001% of the fuel carbon under combustion 
conditions know from the Uterature to be suitable for fidlerenes formation in flames. 
Non-fiiUerene-forming fuels include, but are not limited to, saturated, partially 
unsaturated and nonaromatic hydrocarbons such as methane, ethane, propane, ethylene, 
etc.) 
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The present invention provides a method of producing fuUerenes by combustion 
including introducing carbon-containing fuel and oxidant at an introduction location into 
a primary zone so that the fuel and the oxidant react to produce jSrst combustion products, 
5 the first combustion products and unreacted residue being mixed and reacted Avith 
incoming carbon-containing fuel and oxidant and/or any newly formed combustion 
products and/or unreacted residue, thereby fonning a combustion mixture; introducing the 
combustion mixture into a secondary zone; and allowing constituents of the combustion 
mixture in the secondary zone to undergo reactions for a residence time to produce a 

1 0 stream including second combustion products comprising fullerenes and other material, 
wherein the stream flows through the secondary zone such that mixing and reaction are 
minimized between material jfrom different regions corresponding to different residence 
times in the secondary zone, under conditions to promote fuUerene production. Fuel 
and/or oxidant and/or additives may be injected at a location in the secondary zone to 

1 5 promote and/or favor fuUerenic product formation. A vacuum pump is coimected at a 
point downstream of the secondary zone to maintain a pressure lower than atmospheric. 

The primary zone can be used to either (1) mix and react first combustion products with 
fuel and/or oxidant, and/or newly formed combustion products, and/or unreacted residue 

20 of a single or multiple similar flows, or (2) effect the mixing and reaction of a first 

combustion product of one type (for example the intermediate products of combustion of 
a non-fuUerene-forming fuel) with fuel and/or oxidant, and/or newly formed combustion 
products, and/or imreacted residue of another type, such as a fiillerene-fonning fiiel, or 
vice versa. Different incoming streams may be unreacted fuels of either fullerene-forming 

25 fuels or non-fullerene-forming fuels, or intermediates of combustion, such as the effluent 
of another combustor. 

An essential aspect of the primary zone is that a proportion of the carbon in a fullerene- 
forming fuel eitiier in tiie primary zone or elsewhere, which may proceed via oxidation to 
30 combustion and fuUerene intermediates and thence fullerenes^ is allowed to proceed via a 
more direct route to fuUerene intermediates and thence fuUerenes by the fidlerene- 
forming fuels or its products bemg aUowed to mix and react with intermediates of 
combustion, these intermediates having been formed by either the same fuUerene-forming 
fuel, another fuUerene-forming fuel stream, or a non-fuUerene-forming fuel stream. 
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Another essential aspect of the primary zone is that a fullerene-forming fuel may be 
allowed to mix and react with combustion intermediates, such as radical species, more 
efBciently so as to allow for more control over the stabilization of the flame through 
control over the fuel oxidation zone. This allows for a higher degree of flame stability and 
5 allows for higher throughputs of fuel and oxidant than with conventional flame systems 
used for fiillerenic product synthesis, such as bumer stabilized or nozzle type flames. 

By greater control over the oxidation zone, conditions can also be more easily attained 
which promote and/or favor fuUerenic product formation. In this sense, to promote 
10 fuUerenic product formation refers to an increase in the rate of formation of fullerenic 
product formation, and to favor fiillerenic product formation refers to the reduction of by- 
product or by-products formation rate or rates. 

The entering streams to the primary zone may be either pre-mixed streams of fiiel and 
IS oxidant, separate fuel and oxidant streams, or different fuels either pre-mixed or 

separately added, with oxidant pre-mixed or separately added. Inert diluents or additives 
may also be used, either pre-mixed with any of the fuel and/or oxidant streams or added 
sq)arately. 

20 Additives effective for soot suppression are of interest for the enhancement of flillerenes 
formation in combustion. Examples of additives of this type are compounds which 
contain the metals manganese, iron, or barixmi. 

Some compounds containing these metals, such as for example iron pentacarbonyl, both 
25 retard soot formation and promote the formation of polycyclic aromatic hydrocarbon 

stmctures which may serve as fuUerene precursors. More generally, metals fi:om groiips I 
and n of the Periodic Table as well as transition metals are of interest as fiillerene- 
formation enhancement additives. 

30 Additives containing metals of low ionization potential, such as alkali metals and alkaline 
earth metals are of interest for addition in the secondary zone, use of these additives 
provides a means for increasing the ionization, and decreasing the coagulation, of soot 
precursors and soot particles, thereby allowing more time for some of the carbon that 
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would otherwise be consumed in soot fonnation to instead contribute to fuUerenes 
fonnation. 

Another class of additives of interest for the enhancement of fullerenes formation in 
5 flames are flame inhibitors such as but not limited to HBr, SF6 (6 is a subscript) and 
halogen-containing compounds mcluding but not limited to CXxYyZz where x + y + z=4 
and X, Y, and Z may be H, F, CI, Br, or I. These and other flame inhibitors are of interest 
as additives to promote iuUerenes formation because they reduce the concentration of key 
flame propagation radicals such as H and OH. These radicals retard fullerenes formation 
10 by attacking and destroying fuUerene fonnation intermediates, so removal of these 
radicals by additives enhances fiiUerenes formation. 

Still another class of additives of interest are additives which promote the formation of 
fullerene precxirsors. Examples are cyclic aromatic acid anhydrides which promote the 
15 formation of five-membered rings in polycyclic aromatic structures of the type needed in 
fullerenes fonnation. 

Certain metal additives such as cobalt, iron and nickel are known to enhance the 
formation of other fuUerenic products (defined elsewhere) including single-walled carbon 
20 nanotubes. These additives are of interest here since not only fullerenes but also other 
valuable fidlerenic products can be produced by the method of this invention. 

FuUerenic product or fidlerenic product intermediates may be formed in the primary zone, 
the fijUerenic product being later collected (as with a method described in U. S. 

25 Provisional Application No. 60/393,494, incorporated herein by reference) or the 
fuUerenic product and/or fuUerenic product intermediates being processed in another 
reactor for further reaction under the same or different conditions, such as another 
primary zone operating at a different temperature or pressure or residence time, or another 
type of reactor zone. Alternatively, a non-fuUerene forming fixel could be used in a 

30 primary zone to produce intermediates useful in forming fuUerenes, these intermediates 
then being mixed and reacted with a fuUerene-forming fuel in a region after the primary 
zone that forms die above-mentioned fuUerene intermediates. Altematively, a 
conventional flame system could be used to provide combustion intermediates to the 
primary zone, where a fuUerene-forming fuel is added and mixed and reacted with the 
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combustion intermediates. The primary zone functions both to provide a degree of recycle 
or back-mixing to a given entering stream, and also to allow the mixing of different 
streams, such as intermediates of one fuel with another incoming fuel stream. 

5 The effects of a zone to accomplish recycle and back-mixing are several in the case where 
it is used to produce fuUerenes without the use of a non-fullerene-forming fuel, namely, 
(1) more efiGcient flame stabilization by the contacting of entering fuel and/or oxidant 
with reactive flame intermediates present in the first combustion product This 
arrangement overcomes the limitations of flame speed which limit throughput in bumer 

10 stabilized or nozzle type flames; (2) in the case where a fuUerene-fonning fuel can react 
in (at least) two different pathways, one leading to products of oxidation (CO, CO2, H2O, 
OH, H, and other products) and another leading to ftillerenes via intermediates, it is 
desirable to enhance the amount of ftiel that is spent in the fullerene pathway rather than 
the oxidation pathway. Mixing and reaction of the entering fuel and/or oxidant and newly 

1 5 formed combustion products and un-reacted residue with intermediates of combustion 
. and/or fiiUerene formation found in the first combustion product may increase the rates of 
these fullerene formation pathways relative to the oxidation and by-product reactions. 

In the case vfbero the primary zone is used to provide mixing and reaction of a non- 
20 fuUerene-forming fuel with a fuUerene-forming fiiel, the primary zone acts as a flame 
stabilization and mixing chamber, whereby the fuUerene-forming fuel can be added to 
reactive combustion intermediates and conserved for fullerene formation pathways, with 
less loss of the fuel to maintain the combustive mixture, with resultant loss of the 
fiillerene-forming fuel to products of oxidation such as H, OH, O, etc., which are 
25 necessary to stabilize the flame. 

It is desirable but not necessary to ML within the scope of tibis invention to mix and react 
first combustion products with fuel and/or oxidant, and/or newly formed combustion 
products, and/or unreacted residue such thai there are regions within the primary zone, of 
30 at least 10% of the total primary zone volume, \^ch have one or more state variables 
approxinniately constant, so that at least 10% of the primary zone approximates a well- 
stirred reactor. State variables include but are not limited to: species concentrations, 
temperature and pressure. A well-stirred reactor is an often used approximation in 
chemical engineering, and refers to an ideal zero dimensional reactor, i.e., a reactor in 
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which everywhere all state variables are constant. One of the modifications to the reaction 
conditions that result from the well-stirred reactor condition is that of preference of one 
• set of product channels over another according to the order of the reaction in the kinetic 
rate laws. For example, if fiillerenes formation is higher order in fiiel concentration than 
5 CO formation, then increasmg fiiel concentration will £avor fullerene fomaation over CO 
production. Alternatively, if a by-product formation or fullerene consumption pathway is 
higher order in a fullerene intermediate than fiillerenes formation then dilution of this 
fullerene intermediate will favor the fullerene pathway over the fullerene consimiption or 
by-product formation pathway. It is not necessary to have the intense mixing of different 
regions within the reactor for the well-mixed approximation to hold, since a high rate of 
recycle with good mixing of the recycled material with the feed approximates a well- 
stirred reactor (such as described in Figure 1). In the primary zone shown in Figure 1, the 
fuel, oxidant, diluent and/or other additives enter at locations 100, and the exhaust exits at 
location 101 . The mixing and reaction of first combustion products (from B) with 
entering fuel and/or oxidant, and/or newly formed combustion products, and/or \mreacted 
residue (at A) is accomplished by a physical recycle loop. 

This type of recycle reactor, vAsre entering fuel and/or oxidant is mixed and reacted with 
first combustion products, falls within the scope of the present invention. It is understood 
in the art that the well-stured reactor is an ideal mathematical construct vMoh is not 
perfectly realized in aay physical embodiment. And, it is not necessary that the state 
variables in the regions described here approach constancy to a high precision, but only to 
the extent where roughly practical or useful. 

To gain further advantages, it is desirable to construct the primary zone so that it consists 
of a hold-up chamber with one or more entering streams. This provides an efficient 
method of flame stabilization and allows the use of high rates of flow for incoming flow 
streams. Jets (a jet refers to a flow from an orifice into a space large enough to allow 
expansion of the flovr, see Figure 2) can be used if stabilized in such a chamber, because 
the normal limitations dictated by flame speed, which determines the possible rates of 
incoming fuel and/or oxidant, can be overcome. In the primary zone shown in Figure 2, 
the fuel, oxidant, diluent and/or other additives enter at location 200, and the exhaust exits 
at location 203. Arrows 201 are flow paths if no surrounding fluids were entrained (non- 
jet flow). Arrows 201 are flow paths due to entrainment of surrounding fluids (jet flow). 
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The mixing and reaction of first combustion products with entering fuel and/or oxidant, 
and/or newly formed combustion products, and/or unreacted residue is accomplished 
primarily by jet entrainment Primary zone first combustion products fi:t>m C mix and 
react with entering fuel and/or oxidant at A and with newly formed combustion products 
5 and unreacted residue at B. 

If jets are used as the source of incoming fiiel and/or oxidant, then by enhancing the effect 
of jet entrainment, the jets may be used to accomplish the miving and reaction of each 
incoming stream with the first combustion products present in the primary zone. Since at 
10 the low pressures typically necessary for fuUerene formation, low fluid densities lead to 
low Reynold's numbers, turbulence is more difficult to achieve and entrainment is a 
usefid mechanism for achieving mixing. The flow in the jets described here as the 
mechanism for recycle or back-mixing may be laminar or turbulent, as entrainment 
occurs in either case. 

15 

The jets can also be positioned in the primary zone such as to develop larger scale 
recycles (see Figure 3), and also positioned so that mcoming streams encounter an 
intersecting flow A^ch results in mbcing and reaction of incoming components with first 
combustion products present in the primary zone (see Figure 4). In the primary zone 

20 shown in Figure 3, the fuel, oxidant, diluent and/or other additives enter at location 300, 
and the exhaust exits at location 302. Arrows 301 shows large recycle flow patterns. The 
mixing and reaction of first combustion products with entering fuel and/or oxidant, and/or 
newly formed combustion products, and/or unreacted residue is accomplished primarily 
by large scale recycle patterns. Primary zone first combustion products firom B mixes and 

25 reacts with entering fiiel and/or oxidant, and/or newly formed combustion products, 
and/or unreacted residue components at A. In the primary zone shown in Figure 4, the 
fiiel, oxidant, diluent and/or other additives enter at locations 400, and the exhaust exits at 
location 401. The mixing and reaction of first combustion products with entering fiiel 
and/or oxidant, and/or newly formed combustion products, and/or unreacted residue is 

30 accomplished primarily by intersecting jet flows. Primary zone first combustion products 
fi:om B mixes and reacts with entering fiiel and/or oxidant, and/or newly formed 
combustion products, and/or unreacted residue components at A. 
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By positioning the jets in a manner so that one jet is opposite another jet, but not directly 
opposite so that too much momentum of the jets is lost, entrainment is enhanced, which 
enhances flie mixing and reaction of the incoming stream and early combustion products 
with the later combustion products (see Figure 5). In the primary zone shown in Figure 5, 
5 tiie fuel, oxidant, diluent and/or other additives enter at locations 500, and the exhaust 
exits at location SOL The mixing and reaction of first combustion products with entering 
fuel and/or oxidant, and/or newly fomied combustion products, and/or unreacted residue 
is accomplished by jet entrainment, large scale recycle patterns, and intersecting jet flows. 
Primary zone first combustion products fi-om B and C mix and react with entering 
1 0 components at A. 

A reactor chamber that utilizes opposed and offset jets such as the one shown in Figure 5 
takes advantage of large scale recycles, enhanced jet entrainment, and also intersecting 
flows of earUer and later residence time material. Figure 13 shov^ anotiier configuration 
15 of opposed, offset jets in a reactor chamber. 

Flows may also be positioned so that one flow encounters another flow, the latter flow 
being composed of first combustion products and the first flow being composed of newly 
formed combustion products, fuel and/or oxidant, and/or unreacted residue, but the flows 

20 are not jet flows (see Figure 6), In the case where large scale recycles and/or intersection 
of flows is adequate, it may not be necessary to use jet flows. In the primary zone shown 
in Figure 6, the fuel, oxidant, diluent and/or other additives enter at locations 600, and the 
exhaust exits at location 601 . The mixing and reaction of first combustion products with 
entering fuel and/or oxidant, and/or newly formed combustion products, and/or unreacted 

25 residue is accomplished primarily by intersecting non-jet flows. Primary zone first 

combustion products firom B mixes and reacts with entering fuel and/or oxidant, and/or 
newly formed combustion products, and/or unreacted residue components at A. 

30 To obtain a primary zone with at least 10% of the primary zone having state variables 
^proxunately constant, it may be preferred to position numerous intersecting or oth^ 
flows in the reactor (see Figure 7). In the primary zone shown in Figure 7, the fixel, 
oxidant, diluent and/or other additives enter at locations 700, and the exhaust exits at 
location 702. Regions 701 are regions in the primary zone where state variables (e.g. 
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concentration, pressure, temperature) are approximately constant. These regions 
comprises at least 1 0% of the total primary zone volume. The mixing and reaction of first 
combustion products with entering fuel and/or oxidant, and/or newly formed combustion 
products, and/or unreacted residue is accomplished primarily by intersecting jet flows, 
5 with sufficient efficiency so that the circled regions are areas where one or more state 
variables are approximately constant, and are at least 10%, preferably at least 60%, most 
preferably at least 80% of the total primary zone volume. Primary zone first combustion 
products fix>m B mixes and reacts witii entering foel and/or oxidant, and/or newly formed 
combustion products, and/or unreacted residue components at A. 

10 

Previous methods of obtaining a well-mixed combustor have relied primarily on high 
flow rates to induce turbulence on the total flow within the reactor volume to achieve 
high levels of micro-mixing, which is not as effective at the low pressures necessary to 
achieve fullerene formation by combustion, and so the methods mentioned above are 
15 useful. The present invention, however, encompasses mixing reactor systems for 
combustion synthesis of fullerenic product which have a degree of turbulence or rely 
primarily on turbulence systems as well. 

By constructing the primary chamber so that a large proportion of the volume is mixed 
20 efficientiy, the possibility is allowed of using a non-vaporizable fuel or additive. It is 
necessary to efficientiy mix any injected fuel or additive to gain the maxunum advantage 
of reaction with the first combustion products. As an example, some flows to the primary 
zone could be a non-fuUerene-forming fuel premixed in gaseous form with an oxidant, 
and a Uquid fuUerene-forming fuel, fed so as to mix and react with the combustion 
25 products of the premixed non-fuUerene-forming fiiel and oxidant. 

Accomplishing the recycle or back-mixing in an enclosed primary zone, which efifectively 
serves as a hold-up chamber, allows for a sur&ce area contacting the flame by which heat 
transfer can be more efficientiy accomplished than for conventional flames stabilized on 
30 cooled burners and not contacting hot surfaces. Heating or cooling by outside sources and 
use of thermal insulation can be accomplished by the present invention more readily than 
in conventional fullerenic product synthesis systems. Conditions where maintenance of 
heat losses is necessary, such as the use of air as oxidant, can be easily attained by the use 
of the primary zone for flame stabilization and minimizing heat losses through efficient 
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insulation of the primary zone or by external heating of the primary zone. In this way, 
efiBcient control of temperature is also possible at conditions not easily attainable with a 
conventional flame. For instance, consider the need in a given practical situation to 
maintain a constant temperature of 2100 K for the reaction of a fuUerene-forming fuel and 
5 oxidant for a residence time of 300 ms. Since a conventional flame has different rates of 
heat release at different residence times or distances from the burner, a method for 
varying tihie heating rate as a function of residence time or distance from the burner would 
be needed for a conventional system. The heating rate woxdd have to be lower at the 
oxidation region and higher in the post-flame zone. Such control would be very difficult 
10 to accomplish with a conventional flame, but is easily provided by the present invention. 

Since the primary zone functions as an efficient method to stabilize a reactive flame 
system, it can be used in conjunction with other reactor types, functioning as a 
stabilization zone, and serving to maintain the flame radical chain reactions by allowing 
1 5 mixmg and reaction of flame radicals with uicoming fuel and oxidant The mixture of 
combustion products to which the fiiUerene-forniing fuel and any other fed constituents 
such as oxidant, diluents, or additives are added effectively act as a continuous ignition 
source and allows much greater throughputs of fuel and oxidant. 

20 It is desirable under certain circumstances to control the concentrations of radical 

intermediates since they significantly affect or even control flie formation and destruction 
of ftillerene intermediates and products and other fullerenic products. Use of a primary 
zone allows the oxidation zone, which is the region of high radical concentrations and the 
region where concentrations of key intermediates are determined, to be decoupled j&om 

25 the post-flame zone, and different residence times or variable rates of heating or cooling 
to be used so as to control the radical concentrations by allowing the oxidation reactions 
to occur over a longer residence time or at a different, constant temperature. In 
conventional methods of combustion synthesis of fullerenic product, the environment of 
the oxidation zone is detenmned by the requirements of flame stabilization. When the 

30 primary zone is constructed so that recycle or back-mixing is adequate for the whole 

volume to approximate a well-stirred reactor, the concentrations of radicals in the primary 
zone are sufficiendy reduced so that high peak concentrations are avoided (see Figure 8). 
In Figure 8, a primary zone 800 is coupled with a secondary zone 801. In tiie primary 
zone 800, the fuel, oxidant, diluent and/or other additives enter at locations 802. A region 
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803 is a region in the primary zone where state variables (e.g. concentration, pressure, 
temperature) are approximately constant The secondary zone components move along 
the direction shown by an arrow 804 to collection. In the primary zone reactor, the mixing 
and reaction of first combustion products with entering fuel and/or oxidant, and/or newly 
formed combustion products, and/or unreacted residue is accomplished by jet 
entrainment, large scale recycle patterns, and intersecting jet flows. Primary zone first 
combustion products firom B mixes, and reacts with entering components at A. EfiQuent 
fi-om the primary zone enters the secondary zone where combustion products jfrom D do 
not mix or react with entering components at C. 

Also, concentrations of fuUerene intermediates can be increased and maintained for 
longer residence times than with conventional systems (see Figure 9). The control over 
mdical and fullerene intermediate concentrations allows fuUerenic product formation 
pathways to be favored over competitive pathways, and fiillerenic product formation to be 
promoted. 

Also, since the temperature and residence time of the oxidation region are constrained by 
the limits of flame stabilization for the conventional combustion methods of fiillerenic 
product synthesis, it is not possible with the conventional synthesis method to decoiQ>le 
the conditions that promote formation of fuUerenic product firom the conditions necessary 
to stabilize the flame system. Flame speed increases strongly as temperature increases, 
and at lower temperatures where flame speed is lower, much less fuel and oxidant can be 
fed to the flame. The residence time required for oxidation is determined by temperature 
and other conditions. Use of the primary zone allows the temperature, residence time, and 
feed rate of fuel and oxidant to the oxidation zone to be varied separately by use of 
reactor volume and rate of heating or cooling as variable parameters. So, for a given feed 
rate, the reactor volume and rate of heating or cooling can be varied to obtain the 
conditions that promote and/or &vor fuUerenic product formation. 

A further aspect of the present invention is the use of a secondary zone that consists of 
eitiier a coUection device for the fuUerenic product or products formed in the primary 
zone (as described in U. S. Provisional AppUcation No. 60/393,494) or a reactor section 
that aUows for further reaction of the efQuents of the primary zone. 
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In the case where further reaction is preferable, it is desirable that species from different 
regions in the secondary zone corresponding to different residence times are kept from 
significant mixing and reaction with each other. This can be accomplished practically by 
having the flow suflBciently turbulent and of sufficiently high velocity so that the 
S secondary reactor approximates a plug-flow reactor without axial mixing, or by having a 
laminar flow such that the rate of axial diffusion of key intermediates or friUerenic 
products is not high enough to give a significant amount of back-mixing. Practically, the 
rate of axial diffusion or back-mixing resulting fix)m concentration gradients relative to 
the rates of reaction in the secondary zone is low enough to be neglected and plug-flow 

10 assumed even in cases of laminar flow with a frilly formed (not flat) velocity profile. The 
present invention encompasses cases where the secondary zone has laminar or turbulent 
flow. Fuel and/or oxidant and/or additives may be injected at a location in the secondary 
zone to promote and/or favor fuUerenic product formation. The secondary zone is 
preferably embodied by a pipe section, preferably with insulation and with the capability 

15 to heat or cool as desired, and with a region at the begiiming of the secondary zone for 
injection of friel and/or oxidant and/or additives, such as a narrow throat section that 
enhances the fluid velocity. The secondary zone allows for the gaeous effluent of a 
combustor to flow for a desired residence time at a controllable temperature. 

20 The secondary zone allows for much longer residence times for fullerene formation 
reactions to occur than is provided by conventional systems used for ftillerene product 
synthesis. Typically, conventional systems used for ftillerene product synthesis have a 
total reaction residence time of 100 - 300 ms, after which temperatures have dropped to 
levels too low to support reaction due to heat losses. The secondary zone allows for 

25 maintenance of the combustion mixture at temperatures high enough to support reaction 
indefinitely, preferably in the range of 1 to 10 s, by the use of insulation, heating or 
cooling of the secondary zone. A conventional flame system can also be used to feed 
combustion and fullerene intermediates to the secondary zone, where they are allowed to 
react at a temperature for the desired residence time. 

30 

The preferred ranges of operating parameters are as follows: residence time in the 
primary zone is preferred in the range of 2 to 500 ms, residence tune in the secondary 
zone in the range of from 5 ms to 10 s, total overall equivalence ratio is preferred in the 
range of froml.8 to 4.0, pressure in the range of from 10 torr to 400 torr, preferably in the 
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range of from 20 ton to 200 toir, most preferably in the range of from 20 torr to 80 torr, 
and temperature of the primary and secondary zones in the range of from 1 500 K to 2S00 
K. Benzene is a preferred fiillerene-fonning fiiel. Any non-fiillerene forming fiiel can be 
used, methane being prefened due to cost and availability. 

5 

The following examples serve to illustrate the spirit of the present invention but do not 
limit its scope. For example, different equivalence ratios, pressures, residence times, 
fuels, methods of introduction of feeds, collection methods, etc. coxild be used and still be 
within the scope of the present invention. 

10 

EXAMPLES 

Example 1: 

A primary zone is used coupled to a secondary zone, the effluent of which proceeds to a 
15 collection device as described m U. S. Provisional Application No. 60/393,494. The 
primary zone consists of a short cylindrical chamber where 34, 0.02"openings to allow 
the addition of gases are positioned at opposite &ces or ends of the cylinder, so as to form 
jets, each jet pointing at the other face. The jets of each face are positioned so as to be 
equidistant from the center of the opposite adjacent jets, in other words, offset from the 
20 opposite jet centerlines, so as to minimize momentum loss of the entering fluid and to 
enhance entrainment of the opposing jets. A pre-mixed benzene (a fiillerene-forming 
fuel), O2, Ar mixture (Ar =10% of total entering stream) at an equivalence ratio of 2.4 is 
used and exits the jets at a velocity of 133 m/s at a temperature of 90° C and pressure of 
40 toir. The volume of the primary zone is 460 cc, so that the average residence time in 
25 the primary zone is approximately 30 ms. External heating is applied so that tiie 
temperature of the primary zone is maintained at 1700 K. 

The flow conditions of the jet streams is laminar and the overall primary zone volume is 
such that the Reynold's number of the primary zone is less than 2000. However, the 
30 degree of entrainment is sufBcient so that there are sufficient regions of constant state 
variables in the primary zone so that it may be approximated as a well-sthred reactor. 

Combustion takes place in the primary zone, forming combustion intermediates and a 
certain amount of fuUerenic product. The effluent of the primary zone enters a secondary 
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zone, consisting of an insulated throat section of 2" diameter and 4" in length, connected 
to an insulated pipe of 6" diameter and 4' in length, heated so as to maintain a constant 
t^perature of 1700 K. The effluent of the secondary chamber, which consists of 
fiilierene product and combustion by-products enters a collection device as described in 

5 U. S. Provisional Application No. 60/393,494. The total residence time of the combustion 
reaction is approximately 1 s before collection. Figure 10 shows results from a study of 
Ceo concentration as a function of residence time for this system, as well as for a 
conventional combustion synthesis method. It can be seen that the concentration of 
fullerenes in this example far exceeds that of the conventional synthesis method. This 

10 improvement is due to the well-mixed character of the primary zone and the longer 
residence times allowed at controlled temperature. 

Example 2: 

The same system and conditions as described in Example 1 are used, except that the 
15 primary zone is replaced with a flame system such as desaibed in US # 5,273,729. Figure 
1 1 shows results of a study of Ceo concentration as a function of residence time for this 
system. It can be seen that the concentration of fullerenes in this example far exceeds the 
conventional synthesis method. The improved performance results from the ability to 
allow for longer residence times at controlled temperature. This example is limited to a 
20 lower throughput than Example 1, because of the stability Umits of the conventional 
flame which feeds the secondary zone. 

Example 3: 

The same system is used as described in Example 1, except that the effluent of the 
25 primary zone proceeds to a collection device as described in U. S. Provisional 
AppUcationNo. 60/393,494. 

Example 4: 

The same syst^ is used as described in Example 1, except that the primary zone is 
30 operated at an equivalence ratio of 2.0 and additional benzene in gaseous form is added 
into the throat section so that the ov^:all eqmvalence ratio of the system is 2.4. 

Example 5: 
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The same system as described in Example 1 is used, except that a conventional burner is 
used to stabilize a methane/02/Ar flame at equivalence ratio of 1 .0 and pressure of 1 atm., 
which produces non-fullerene containing combustion intermediates that are fed into the 
primary zone. Benzene is added into the primary zone in gaseous form so that the overall 
5 equivalence ratio in the primary zone is 2.4. 

Example 6: 

The same system is used as described in Example 3, except that the benzene is replaced 
with #6 fuel oil , which is fed in liquid form. 

10 

Example 7: 

The same system is used as described in Example 1, however a halogenated species is 
injected into the throat section, so as to increase the extent of fiillerene formation in the 
secondary zone. 

15 

Example 8: 

The same system is used as described in Example 1 , except that air is used ui place of O2- 
Example 9: 

20 The same system is used as described in Example 1 , except that a halogenated species is 
premixed along with the benzene, 02, Ar mixture. 

Example 10: 

The same system is used as described in Example 1, except that benzene, O2, and Ar are 
25 fed separately into the primary zone through diflferent jets. 

Example 11: 

The same system is used as described in Example 1 , except that the primary zone consists 
of one nozzle feeding into a chamber held at 100 torr, the flow of the gases from the 
30 nozzle being such as to create a laminar jet which entrains the surrounding fluid, thus 

creatmg a recycle, the surrounding fluid containing first combustion products. The flow m 
the primary zone is lamioar. The primary zone cannot accurately be approximated as 
well-mixed in this case, but the premixed fuel and oxidant flow rates made possible by 
this arrangement are higher than if the nozzle were not located in the primary zone. The 
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higher flow rates are due to a recycle of the reactive flame intermediates present in the 
first combustion products of the primary zone. 

]&cample 12: 

5 A nozzle type flame system, consisting of an open pipe with a methane/OiAr (the 
methane being a non-fiillerene fomiing fuel) flame stabilized at the end, is used to 
produce combustion intermediates which are fed into a primary zone consisting of a 
chamber with an opening through which the aforementioned combustion intermediates 
enter in a laminar jet flow and a separate opening through which a coal-derived tar (the 

10 fiillerene-fonning fuel) enters. The coal-derived tar is fed into the primary zone in liquid 
form. Combustion products and Mlerenic product are formed in the primary zone. The 
efQuent of the primary zone is then fed to a collection system consisting of a filter. The 
methane flame is operated at 1 atm, and the primary zone is operated at a pressure of 100 
torr. 

15 

Example 13: 

A nozzle type flame system, consisting of an open pipe with a methane/OiAr (the 
methane being a non-fuUerene formmg fuel) flame stabilized at the end, is used to 
produce combustion intermediates which are fed into a primary zone consisting of a 

20 chamber with an opening through which the aforementioned combustion intermediates 
enter in a laminar jet flow and a separate opening through which an intermediate 
petroleum-derived oil (the fullerene-forming fiiel) enters. The mteraiediate petroleum- 
derived oil is fed into the primary zone in liquid form. Combustion products and 
fidlerenic product are formed m the primary zone. The efQuent of the primary zone is 

25 then fed to a collection system consisting of a filter. The methane flame is operated at 1 
atm, and the primary zone is operated at a pressure of 100 torr. 

Example 14: 

The same system is used as in Example 12, except that the combustion intermediates 
30 formed by the methane flame and the coal derived tar rater the primary zone through the 
same opening. 

Example 15: 
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The same system as described in Example 12 is used, except that the efQuent of the 
primary zone enters a secondary zone consisting of a pipe section, where further reaction 
is allowed to take place for a residence time of 1 s, before the efiSuent of the secondary 
zone enters a GLter collection device. 



26 



wo 03/021018 



PCTAJS02/27838 



WHAT IS CLAIMED IS 

1 . A method of producing fiillerenes by combustion, comprising: 

introducing carbon-containing fuel and oxidant at an introduction location into a 
5 primary zone so that said fuel and said oxidant react to produce first combustion products, 
said first combustion products and unreacted residue being mixed and reacted Avith 
incoming carbon-containing fuel and oxidant and/or any newly formed combustion 
products and/or unreacted residue, thereby forming a combustion mixture; and 

introducing said combustion mixture into a secondary zone for collection or 
1 0 further processing. 

2. The method of claim 1, wherein said combustion mixture comprises fiillerenes, 
and/or fuUerene intermediates and other material. 

IS 3 . The method of claim 1 , wherein said primary zone has at least one well-defined 
region wherein said fuel, oxidant and combustion mixture each has at least one state 
variable which is approximately constant as a function of space. 

4. The method of claim 3, wherein at least about 10% of said primary zone is in said 
20 well-defined region. 

5. The method of claim 1 , wherein said carbon-containing fuel and said oxidant are 
introduced into said primary zone at multiple introduction locations. 

25 6. The method of claim 1 , wherein said carbon-contaiiung fuel comprises fullerene- 
forming fuel 

7. The metiiod of claim 6, wherein said fiiUerene-forming fuel comprises an 
unsaturated hydrocarbon. 

30 

8. The method of claim 7, wherein said unsaturated hydrocarbon is selected fi:om the 
group consisting of acetylenes, polyacetylenes, aromatics and highly aromatic materials 
and combinations thereof 
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9. The method of claim 1, wherein said carbon-containing fuel comprises benzene. 

10. The method of claim 1, furflier comprising introducing an inert gas, halogen 
containing compounds, compounds containing alkali metals or alkaline earth metals, 
compounds which contain the metals manganese, iron, or barium, compounds containing 
cyclic aromatic acid anhydrides, and compounds containing cobalt, iron, or nickel, and 
combinations thereof into said primary zone. 

12. The method of claim 1 , wherein the pressure m said primary zone is in the range 
offi:oml0to400torr. 

13. The method of claim 1, wherein the overall equivalence ratio is in the range of 1.8 
to 4.0. 

14. The method of claim 12, wherein the overall eqxiivalence ratio is in the range of 
1.8 to 4.0. 

15. The method of claim 1 , wherein the temperature in said primary zone is in the 
range of from 1500 K to 2500 K. 

16. The method of claim 14, wherein the temperature in said primary zone is in the 
range of from 1 500 K to 2500 K. 

17. The method of claim 1, wherein the residence time in said primary zone is in the 
range of 2 to 500 ms. 

18. The metihiod of claim 16, M^erein the residence time in said primary zone is in the 
range of2 to 500 ms. 

19. A method of producing fuUerenes by combustion, comprising: 

introducing carbon-containing fuel and oxidant at an introduction location into a 
primary zone so that said fuel and said oxidant react to produce first combustion products, 
said first combustion products and unreacted residue being mixed and reacted with 
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incoming carbon-containing fiiel and oxidant and/or any newly formed combustion 
products and/or unreacted residue, thereby forming a combustion mixture; 
introducing said combustion mixture into a secondary zone; and 
allowing constituents of said combustion mixture in said secondary zone to 
S tmdergo reactions for a residence time to produce a stream including second combiistion 
products comprising fullerenes and other material, wherein said stream flows through said 
secondary zone such that mixing and reaction are minimized between material from 
different regions corresponding to different residence times in said secondary zone, under 
conditions to promote fiiUerene production. 

10 

20. The method of claim 1 9, wherein said primary zone has at least one well-defined 
region wherein said fuel, oxidant and combustion mixture each has at least one state 
variable which is approxunately constant as a function of space. 

15 21 . The method of claim 20, wherein at least about 10% of said primary zone is in 
said well-defined region. 

22. The method of claim 19, vdierein said carbon-containing fuel and said oxidant are 
introduced into said primary zone at multiple introduction locations. 

20 

23. The method of claim 19, wherein said material in said stream in said secondary 
zone are allowed to undergo reactions under conditions that favor fuUerene production. 

24. The method of claim 19, wherein said carbon-containing fiiel comprises a 
25 fuUerene-forming fuel, a non-fuUerene-forming fuel or a combination thereof. 

25. The method of claim 24, wherein said fullerene-forming fuel comprises an 
unsaturated hydrocarbon. 

30 26. The method of claim 25, herein said unsaturated hydrocarbon is selected from 
the group consisting of acetylenes, polyacetylenes, aromatics and highly aromatic 
materials, and combinations thereof. 

27. The method of claim 24, wherein said fuUerene-forming fuel comprises benzene. 
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28. The method of claim 1 9, further comprising introducing an additive into said 
secondary zone. 

5 29. The method of claim 28, wherein said additive is selected from flie group 
consisting of halogen containing compounds, compounds containing alkali metals or 
alkaline earth metals, compounds which contain the metals manganese, iron, or barium, 
compoimds containing cyclic aromatic acid anhydrides, and compounds containing 
cobalt, iron, or nickel, and combinations thereof. 

10 

30. The method of claim 1 9, wherein the pressure in said primary zone is in the range 
offi:oml0to400torr. 

3 1 . The method of claim 1 9, wherem the overall equivalence ratio is in the range of 
15 from 1.8 to 4.0. 

32. The method of claim 30, whereui the overall equivalence ratio is in the range of 
from 1.8 to 4.0. 

20 33. The method of clahn 19, wherein the tempemture in said pnmary zone is in the 
range of from 1500 K to 2500 K. 

34. The method of claim 32, wherein the temperature in said primary zone is in the 
range of from 1500 K to 2500 K. 

25 

35. The method of claim 1 9, wherein the temperature in said secondary zone is in the 
range of from 1500 K to 2500 K. 

36. The method of claim 34, wherein the tempemture in said secondary zone is in the 
30 range of from 1500 K to 2500 K. 

37. The method of claim 19, wherein the residence time in said primary zone is in the 
range of 2 to 500 ms. 
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38. The method of claim 3 6, wherein the residence time in said primary zone is in the 
range of 2 to 500 ms. 

39* The method of claim 19, wherein the residence time in said secondary zone is in 
5 therangeof Smsto 10 s. 

40. The method of claim 3 8, wherein flie residence time in said secondary zone is in 
the range of 5 ms to 10 s. 

10 41 . A method of producing fiillerenes by combustion, comprising: 

introducing carbon-containing fiiei and oxidant at an introduction location into a 
primary zone so that said fiiel and said oxidant react to produce first combustion products, 
thereby forming a combustion mixture; 

introducing said combustion mixture into a secondary zone; and 

15 allowing constituents of said combustion mixture in said secondary zone to 

undergo reactions for a residence time to produce a stream including second combustion 
products comprising fiillerenes and other material, v^erein said stream flows through said 
secondary zone such that mixing and reaction are minimized between material fiom 
different regions corresponding to different residence times in said secondary zone, under 

20 conditions to promote fuUerene production. 

42. The method of claim 41 , wherein said carbon-containing fuel and said oxidant are 
introduced into said primary zone at multiple introduction locations. 

25 43. The method of claim 41, wherein said material in said stream in said secondary 
zone are allowed to undergo reactions under conditions so as to favor fullerene 
production. 

44. The method of claim 41, wherein said carbon-containing fiiel comprises a 
30 fullerene-forming fuel, a non-fuUerene-foraung fuel or a combination tiiereof. 

45. The method of claim 44, wherein said fiillerene-forming fuel comprises an 
unsaturated hydrocarbon. 
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46. The method of claim 45, wherein said unsaturated hydrocarbon is selected from 
the group consisting of acetylenes, polyacetylenes, aromatics and highly aromatic 
materials, and combinations thereof. 

5 47. The method ofclaim 44, \vhereinsddMei«ne-fonning fuel comprises benzene. 

48. The method of claim 41, further comprising introducmg an additive into said 
secondary zone. 

10 49. The method of claim 48, wherein said additive is selected from the group 
consisting of halogen containing compounds, compounds containing alkaK metals or 
alkaline earth metals, compounds which contain the metals manganese, iron, or barium, 
compounds containing cyclic aromatic acid anhydrides, and compounds containing 
cobalt, iron, or nickel, and combinations thereof, 

15. 

50. The method of claim 41, wherein the pressure in said primary zone is in the range 
of from 10 to 400 torr. 

51. The method of claim 41, wherein the overall equivalence ratio is in tiie range of 
20 from 1.8 to 4.0. 

52. The method of claim 50, vj^ierein the overall equivalence ratio is in the range of 
from 1.8 to 4.0. 

25 53. The method of claim 4 1 , wherein the temperature in said primary zone is in tiie 
range of from 1500 K to 2500 K. 

54. The method of claim 52, wherein the temperature in said primary zone is in the 
range of from 1500 Kto 2500 JC 

30 

55. The method of claun 41, v^iierem the temperature in said secondary zone is in tiie 
range of from 1500 K to 2500 K. 
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56. The method of claim 54, wherem the temperature in said secondary zone is in the 
range of from 1500 K to 2500 K. 

57. The method of claim 41 , wherein the residence tune in said primary zone is in the 
5 range of 2 to 500 ms. 

58. The metfiod of claim 56, wherein the residence time in said primary zone is in the 
range of2 to 500 ms. 

10 59. The method of claim 41, wherein the residence time m said secondary zone is in 
the range of 5 ms to 10 s. 

60. The method of claim 58, wherein the residence time in said secondary zone is in 
the range of 5 ms to 10 s. 

15 

61 . A combustor, comprising: 

a chamber having a first injection inlet for injectmg a first feed into said chamber 
and a second injection inlet for injecting a second feed mto said chamber, said first 
injection inlet being positioned so that said first feed is directed so as to partially overlap 
20 said second feed so that earlier residence time matmal of said second feed mixes and 
reacts with later residence time material of said first feed. 

62. A combustor, comprising: 

a chamber having a first injection inlet for injecting a first feed into said chamber 
25 and a second injection inlet for injecting a second feed into said chamber, said first 

injection inlet being positioned with respect to said second injection inlet so that said first 
feed supplies early residence time material to be entrained into later residence time 
material of said second feed, later residence time material to be entrained into early 
residence time material of second feed, and intermediate residence time material to be 
30 entrained mto intermediate residence tune material of second feed. 

63. A combustor, as defined in claim 62 in which: 

said first injection inlet is fiiriher positioned so that the amount of entrainment of 
the second feed is enhanced by the flow of the first feed. 
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